provide an accurate solar resource assessment, radiometric stations measuring global, diffuse, and direct irradiance must be widespread. Nevertheless, the high capital costs of thermopile instruments, usually used in pyranometry, represent an important obstacle. Therefore, silicon photovoltaic sensors have emerged as a more accessible alternative than standard thermopile sensors. However, their temperature and spectral responses must be taken into account in order to match silicon cells and thermopile responses. Global and diffuse u-radiance have been measured from early 1990 to the end of 1992 in Almeria, southeastem Spain, by means of thermopile and photovoltaic sensor. Polar axis shadowbands were employed to measure the diffuse irradiance. These IO-minute coincident data sets, covering a complete range of atmospheric conditions, have been used to develop a correction procedure for the silicon detector measurements. Before the correction procedure was applied severe discrepancies were found, especially for the diffuse irradiance measurements performed under clear skies. Results of the correction method applied to an independent data set show a remarkable improvement.
INTRODUCTION
To find the value for different solar energy applications an accurate solar radiation resource assessment is necessary. This assessment would include information on the three components of solar radiation, that is, global, diffuse, and direct solar irradiance. This is especially true for applications that rely on the interception of solar radiation by inclined surfaces.
A monitoring station typically measures only two of the solar irradiance components and calculates the third. However, the measurements of diffuse horizontal irradiance and direct normal irradiance are not widespread due to the high cost of the instruments and the necessity of periodical maintenance. The use of a pyranometer with a polar axis shadowband to measure the diffuse horizontal irradiance, placed side-by-side with another pyranometer, to measure the global horizontal irradiance, provides the cheapest alternative for measuring the three solar radiation components, obtaining the third by means of the relationship: Gd = G -G, cos 0,
where G is the global total horizontal irradiance, Gb is the direct normal irradiance, Gd is the diffuse horizontal irradiance, and 0, is the zenith angle of the sun. Instruments measuring solar radiation may be classified as thermal sensors and photovoltaic (PV) sensors. Photovoltaic radiation sensors provide the simplest and cheapest alternative. The photovoltaic detec-* ISES members.
tors have time responses of about 10 /s. This fact makes these sensors appropriate for measuring rapid solar radiation changes associated with intervals when clouds move in front of the sun (Kerr et al., 1967; Licor, 1991; Michalsky et al., 1987; Pereira and Souza Brito, 1990) . Among other interesting features of photovoltaic pyranometers are their stability, ruggedness, and tolerance to soiling. These combined features make pyranometers suitable for use in severe environments. Nevertheless, using PV cells as radiation sensors poses problems associated with the limited and nonuniform spectral response of silicon cells. A second-order problem with these sensors is their thermal dependence (about 0.15% per "C) which could cause a relevant change in sensitivity on mid-latitude regions (Michalsky et al., 1987) .
Thermal sensors, on the other hand, are widely used to measure solar radiation due to their nearly constant spectral sensitivity for the whole solar spectral range. These devices have received a great deal of refinements and, thus, modem thermopile radiation sensors are built with temperature compensating circuits that reduce the error caused by changes in the ambient temperature. However, the time constant of thermopile is typically in the order of 1 to 10 s. and, therefore, are unable to follow rapid changes of radiation associated with clear/cloudy transitions during partly cloudy conditions. Consequently, significant measurement errors occur during the transition period. With integrated measurements, the errors associated with the slow response time tend to cancel, however, significant errors are introduced with instantaneous measurements (Suercke et al., 1990) L. (Licor 200~SZ) .
A common problem for both kinds of sensors, silicon cells pyranometers and thermoelectric pyranometers, is associated with their cosine response at high angles of incidence, with worse results for silicon cells. Nevertheless, this difficulty is partially corrected by placing a diffusing disk over the photodiode (Licor, 1991) .
As indicated, the spectral response of the silicon photodiode does not extend uniformly over the full solar radiation range. A typical response curve for the Licor silicon pyranometer is presented in Fig. 1 . The solar spectrum at surface level with a 1 air mass is included for reference purpose . Allowing for this Figure and the fact that the Licor silicon pyranometers are calibrated outdoors against a thermopile pyranometer (Licor, 1991) , it is found that the spectral response problems will be associated with a changing solar spectrum. The major change in the solar global spectrum occurs in the infrared range where water vapour absorption takes place. This change in the infrared range is in opposition to the remarkable constancy in the spectral distribution of global irradiance for the visible range. Nevertheless, spectral distribution changes in the diffuse irradiance are more important and especially affect the visible region of the spectrum.
This study discusses the limitations of silicon photodiodes in performing irradiance measurements traditionally made with thermopiles and correction procedures that improve the level of accordance between the two radiometric techniques. The goal is to suit silicon cells for radiometric observations by deriving empirical corrections to simulate thermopile sensors. The results of a comparison between a set of photodiodes are presented: one is equipped with a polar axis shadowband and a similar set of conventional thermopile instruments. A previous work ( Alados-Arboledas et al., 1992) has addressed these questions using a more limited data set. The present study has been enriched by the use of a more complete data set and the test performed over different integration periods.
2.DATA
Experimental data were recorded at Almeria, Spain, a seashore location (36.83"N, 2.41"W). Two photovoltaic pyranometers , one with a polar axis shadowband and another without it, were used to do the silicon sensor measurements for diffuse and global components, while an identical set of thermopile radiometers (Kipp & Zonen CM-l 1) were used as a reference. According to the classification of the World Meteorological Organization ( 1983) the CM-11 pyranometer is a "secondary standard.' ' Other measurements included in the radiometric station are the air temperature at 1.5 m and the inner temperature of an Eppley pyrgeometer. Data from all instruments were averaged and stored every 10 minutes. Measurements used in this work began in early 1990 and finished at the end of 1992. Thus, a complete range of temperatures and solar angles was included among the samples taken. Analytical checks for measurement consistency were applied to eliminate problems associated with shadowband misalignments and other questionable data. This study only used cases at a solar zenith angle of less than 8.5". About 50,000 lo-minute values are available in total. Measurements of solar global irradiance have an estimated experimental error of about 2-3%.
The whole data set has been divided into two groups to develop the empirical correction procedure. The first group, including two-thirds of the total, has been used for model development, whereas the remaining one-third has been reserved for validation purposes.
CORRECTION PROCEDURE AND RESULTS
The first problem that must be addressed is the temperature dependence, Michalsky et al. ( 1987) proposed to normalize photodiode response at a standard temperature of 30°C using an empirically developed expression:
where T is the temperature measured inside the photoTo provide an empirical correction method which voltaic pyranometer by means of a thermistor. This allows for both the spectral and cosine response limita- ,,,1,,,,11,,,111,,,,11 ,
correction expression has been used with the measured air temperature at 1.5 m and the inner temperature of a pyrgeometer operated side-by-side with the pyranometers. The use of the inner pyrgeometer temperature is more effective, but the results for the 1.5 m air temperature show that this could be an interesting alternative. Table 1 shows the results of comparing the silicon measurements against the thermopile measurements, using the validation data set ( -17.000 IO-minute data). Global and diffuse it-radiance were presented before and after the temperature correction was applied, using the inner temperature of the pyrgeometer located close to the silicon pyranometer. Table  1 includes the results of the linear fitting of Licor irradiances to CM-l 1 irradiances, as intercept, a, slope, b, and correlation coefficient, R. The root mean square deviation, RMSD, and the mean bias deviation, MBD, are also included, as measure of the scatter of differences between both data sets and as a check of the existence of systematic tendencies in these differences.
On the other hand, Table 2 shows the similarity between the temperature corrected silicon measurements using the ambient air temperature and the inner pyrgeometer temperature. Table 2 shows that this correction may be applied with an acceptable confidence level if ambient air temperature is available as in this case. Pereira and Souza Brita (1990) have recently proposed the possibility that the temperature dependence can be eliminated by using two matched sensors, one of which operates in the dark, and taking the difference between the two signals provided by the sensors. This possibility has been attempted using two LICOR pyranometers side-by-side. One pyranometer is exposed to the sun and the other has the sensor head covered with a cap. This simple experiment provides results similar to those obtained by the applications of eqn (2), as Fig. 2 shows. tions of the silicon pyranometer, the scheme proposed by Michalsky et al. ( 1991) has been followed. Therefore, a "silicon efficacy" has been derived, that is, the ratio of thermopile pyranometer response to silicon pyranometer response. The silicon efficacy matches the silicon pyranometer with thermopile pyranometers measurements. This correction factor is influenced by the sky conditions and, thus, the data is categorized according to the clearness of the sky, the brightness of skylight, and the solar zenith angle, as it is done in Perez et al. (1990) . The sky clearness parameter, denoted E, depends on cloud and aerosol amount, defined by:
where subindex u denotes uncorrected values measured with the silicon pyranometer, and Gbu is uncorrected direct normal irradiance evaluated with diffuse and global uncorrected values. The skylight brightness parameter, denoted A, depends on the aerosol burden and the cloud thickness and is defined by the relationship:
where Gbo is the extraterrestrial solar irradiance in Wm-*. The third parameter in the model is the solar zenith angle, which defines the sun's position in the sky hemisphere. Table 3 contains the boundaries for the five bins of each parameter. These boundaries are chosen in such way that real cases of each parameter were evenly distributed. The boundaries in E and A are different from those considered in the Michalsky et al. ( 1991) study where a rotating shadowband radiometer was used due to the inherent differences between the two measuring techniques with respect to diffuse irradiante. The rotating shadowband radiometer performs a real time correction for the amount of sky radiance blocked by the shadowband when making diffuse measurement because shadowband measurements are not corrected at this stage.
For each member of a bin, the ratio of the thermopile irradiance measurement to the corresponding silicon cell n-radiance measurement has been calculated. The mean of these ratios is used as a correction factor for any subsequent silicon cell irradiance measurement with parameters falling within the bounds of the associated bin. In this way two sets of correction factors have been obtained: one for global and another for diffuse horizontal irradiance. Two-thirds of the lominute data has been used for this purpose, applying the correction model to the remaining one-third of the data, with two different integration periods, 10 min and 1 hour. Figure 3 shows the 3D diagram for the diffuse correction factor in the E-A space for a given value of cos 8,, which is a visualization of a correction matrix, included in the Appendix. The general behaviour for the diffuse correction factor suggests the necessity of increasing these measurements under E and A conditions associated with clear conditions. This fact is partially explained by the spectral characteristics of diffuse irradiance under clear ("blue") skies and the calibration performed by Licor. On the other hand, the performance of the global correction matrix shows a more limited range and an inverse behaviour: The clear sky measurements must be reduced to match the thermopile measurements. Under cloudy and turbid conditions, a slight increase in global silicon measurements is necessary, which is lesser for overcast conditions.
The non-ideal cosine response of the Licor pyranometer leads to an increase of the correction term for low elevation angle as shown in the Appendix. This is specially evident for global corrections. Figure 4 shows before and after correction plots of the diffuse and global irradiance for a sequence of days covering different sky conditions ranging from clear to overcast conditions. According to the size of the correction factor that we found in the matrix included in the Appendix, global horizontal irradiance needs very little correction. The agreement for both clear and cloudy conditions is good and the corrected absence of spectral correction. Obviously, these results take into account the previous comments on the pattern shown by the correction matrix and are directly related with the spectral distribution of global and diffuse irradiance under different sky conditions. Figure 5 shows the scatter plots of the silicon versus thermopile pyranometers after temperature correction by means of eqn 2, using the inner pyrgeometer temperature.
CORRECTION PERFORMANCE
Global measurements show a good agreement, while the diffuse measurements show a marked tendency to underestimation, specially in clear conditions, that is, for low values of diffuse irradiance. Table 2 shows the discrepancies between the two data 600, "',,,,,,,,,,,,,,,,,, sets. Especially relevant are the results of the mean bias deviations for diffuse irradiance which suggest an evident underestimation tendency according to the high frequency of cloudless sky conditions in our study area. The application of the correction procedure greatly improves the matching of the two kinds of sensors' measurements, particularly for the diffuse irradiance. Figure 6 also shows the improvement in the scatter plots: the experimental points lay close to the 1: 1 line of perfect matching. Table 4 shows the statistical results that we have obtained. After the correction method was applied: the mean bias deviations were close to 0.0 Wm-', both for global and diffuse irradiante: the slope of the linear fitting of LICOR irradiantes versus CM-1 1 irradiances was close to 1, with a negligible intercept and high correlation coefficient. The RMSD shows a discrepancy between the two kinds of sensor measurements: about 4% for global irradiance and about 5% for diffuse irradiance which is a close value to the experimental errors associated with the thermopile measurements. Figure 7 and Table 5 show the results obtained for the hourly data base. The results are similar to those obtained for the lo-minutes data set. The size of the diffuse irradiance error is greatly reduced. The mean bias deviation final value is close to 0.0 Wm-'. The root mean square deviation experiences a reduction of about 70% over the temperature corrected value. Therefore. it reaches a final value about 5% over the mean diffuse irradiance. These results show the feasibility of using the correction term evaluated using the lo-minute data for wider integration periods.
CONCLUSIONS
The correction procedure for silicon cells presented in this paper provides an interesting alternative to thermopile pyranometry by means of the combined use of silicon photovoltaic sensors for measuring global and diffuse irradiance. The correction procedure uses the uncorrected values of global horizontal and diffuse horizontal irradiance as input date obtained from the silicon pyranometers. This method provides a good matching of silicon measurements (using the Licor 200-SA pyranometer) with those provided by a set of thermopile pyranometers ( Kipp-Zonen, CM-11) of which one is equipped with a polar axis shadowband. The correction procedure has been developed using lo-minute measurements and tested against an independent data set, including both lo-minute data and hourly data. The correction provides a uniform distribution of the discrepancies between both kinds of sensors. The final values for the mean bias deviation and the root mean square deviation are about 4% and 5% over the mean value for global horizontal and diffuse horizontal irradiance.
The goal of this study has been the matching of photovoltaic cells and thermopile measurements for both global and diffuse horizontal irradiance. This work has not addressed problems associated with the et al., in press) must be applied to the silicon photovolundesirable shadowband obstructions. Obviously, the taic pyranometers, after their temperature and spectral necessary correction for thermopile sensors (Bathes correction, to provide a corrected diffuse irradiance 
